Biological signals and their reliability 23 24
A biological signal can be defined as any morphological, behavioural, or chemical feature that 25 has evolved because it alters the behaviour of other individuals. A signal may therefore convey 26 information, about the current state of the signaller or its future behaviour, which is of 27 relevance to the receiver [1] . The information contained in signals need not always be correct, 28 but it must be correct often enough for selection to predispose the receiver to respond to it 29 [1] . Otherwise, at some point the signal will be ignored because it has lost its meaning. This 30 raises the question of what maintains the reliability, or 'honesty' of signals? The 'handicap 31 principle' suggests that signals are honest because they are costly to produce [2] . For 32 example, the tail of a peacock (Pavo cristatus) might be costly to grow in terms of resource 33 utilization, or it might be costly to bear because it impedes efficient flight and therefore makes 34 the bird more vulnerable to predation. So individuals with longer tails should be higher quality 35 individuals, because relatively poor quality individuals should not be able to afford to paylocate red than blue flowers because red contrasts relatively poorly against the background as 20 perceived by the bees. Red floral colour may therefore be a strategy to reduce detectability by 21 bees [5] . Because peak visual sensitivities are species-specific, there is some scope for 22 directing signals at particular taxa, or avoiding others. 23
Fruit and flower colour is expressed maximally when a fruit is ripe or a flower fully open, 24
i.e. when seed viability or nectar availability is highest [4] . But do such signals provide an 25 honest indicator of the nutritional reward to consumers, e.g. availability of nectar, or energy ? 26 Few studies have addressed this question. In the sky lupin (Lupinus nanus), the petal banner 27 spot changes from white to red once pollination has taken place, and red colour increases the 28 attractiveness of the floral display, so optimizing the foraging and pollination efficiency of 29 consumers [12] . Nutritional components, including lipid, protein, carbohydrate and water 30 content, were found not to correlate with colouration indices in red or black fruits, however, 31 but did so in fruits of other colours such as blue and green [13] . Conspicuous colours including 32 red and black may, therefore, signal fruit detectability whereas less conspicuous colours (e.g. 33 blue or green) may signal fruit nutritive reward. Similarly, fruit nutritional components, 34 including mass, energy and sugar concentration, did not correlate with colour scored 35 qualitatively by human observers [14] . The possibility that the pigments responsible for fruit 36 colour may themselves be a valuable nutritional reward to consumers was not considered,however. Indeed, the brightly coloured seeds of Margaritaria spp. have been suggested to be a 1 dishonest signal because they offer no nutritional reward to the consumer [4] , but this 2 overlooks the possible nutritional value of carotenoids or other pigments [15] . Do foragers 3 seek fruits and flowers richer in carotenoids? Carotenoids are a potentially limiting resource 4 for animals (see Section D). What is the potential cost to fruits and plants of allocating 5 carotenoids to signal production as opposed to other somatic or reproductive functions, and is 6 this balanced by benefits of more efficient seed or pollen dispersal? 7
An alternative hypothesis, that such colour displays may serve to render invertebrate 8 herbivores (i.e. parasites) more conspicuous to predators and therefore lead them to avoid 9 foraging on such plants [16] , has not been tested experimentally. 10 11 2. Leaves 12 13 Why do leaves in many deciduous tree species become yellow or red in autumn? The 14 conventional explanation is that such colour (which is due to the presence of carotenoids and 15 anthocyanins) is a non-adaptive consequence of leaf senescence; as chlorophyll is degraded, 16 the underlying carotenoids are exposed and large amounts of red anthocyanins may be 17 synthesized. This spectacular autumn leaf colour may perform a signalling role, having arisen 18 because of co-evolution between trees and insects [17, 18] . Red and yellow leaf colour may 19 make the defensive commitment of the plant clear to insects (e.g. aphids) that infest the plant 20 in autumn and exploit it as a host for the winter [17] . Well-defended plants may thus reduce 21 their parasite load, and the parasites benefit by infesting a more exploitable host. Because such 22 allocation of carotenoids and anthocyanins to leaves may be costly to plants, autumn leaf 23 colouration is suggested to be an honest (handicap) signal of plant defensive capacity [17] . 24
Those plant species that suffer greater exploitation by insects should therefore invest more 25 resources in defence and signalling of such defence [17, 18] . A comparative study has indeed 26 shown a positive association between the degree of autumn colouration and the diversity of 27 monophagous aphids across 262 species of deciduous trees [17] . The most effectively 28 defended individuals of a species should produce the most intense colour and be the most 29 likely to be avoided by parasitic insects [17, 18] . Indeed, it has been shown that individuals of 30 mountain birch (Betula pubescens) in better condition produce more intense autumn 31 colouration [19, 20] and suffer less insect damage the following season [19] , and Prunus padus 32 trees with a higher percentage of red-yellow leaves were colonized by fewer aphids 33 (Rhopalosiphum padi) [21] . All these studies are correlational, however, and an experimental 34
approach is required to demonstrate cause-effect relationships. not more divergent in respect of plumage colour than would be expected by chance [28] . 25
Instead, between-species differences in plumage colour were associated with the habitats 26 (particularly the lighting conditions) in which the birds live [28] . Differences in signalling 27 conditions may have led plumage colour to be adapted to provide maximum chromatic 28 contrast against those backgrounds and in those light environments that are relevant to 29 individual species [2, 29] . Between-species differences in colour may also have evolved to 30 enable individuals of the same species to recognize each other, rather than to avoid members of 31 other species [30] . Importantly, signal traits under selection for species recognition may have 32 evolved for a different purpose; for example, the strikingly coloured epaulettes in Agelaius 33 blackbirds function in social status signalling. 34
Due to practical and technical constraints, data used in large-scale comparative analyses 35 relate to feather colour (being obtained from museum specimens) [28] Mimicry (copying the colour or pattern of a more dangerous species) is a form of colour 4 signalling related to aposematism, and may also confer defence against predation, but there are 5 no confirmed reports of the use of carotenoids for this purpose. such as intrasexual competition, is a difficult behaviour to observe in the field, but some 30 examples, namely two fish species, one lizard species, and seven bird species, where careful 31 experimental studies have shown that females choose mates based on variation in the extent or 32 quality of male colours that are confirmed to be carotenoid-derived, are listed in Table 1 There remains the question of whether general 'nutritional state' or total food intake 1 influences carotenoid-based colour intensity. The first study of this showed that male house 2 finches that grew feathers at a faster rate were more colourful [117] goldfinches, the reduction in carotenoid levels was detected only in blood, so it was inferred 8 that carotenoid assimilation from food is sensitive to general nutrition [118] . Cholesterol plays 9 an important role in carotenoid accumulation and colouration in male zebra finches [119] . The earliest empirical studies on the relationship between disease and colouration in wild 27 animals showed that, in two species of fish (three-spined sticklebacks and guppies), 28 parasitized males were less colourful and hence less preferred as mates by females [64, 123] Brighter carotenoid colouration may signal an individual's greater capacity to defend against 6 parasites and diseases, and hence the greater ability to provide direct benefits such as parental 7
care [132] . The beneficial effects of carotenoids on the immune system are discussed 8 elsewhere (Volume 5, Chapter 17). Individuals with a lower burden of parasites or diseases 9 may have more carotenoids available, so that their superior health is advertised to prospective 10 mates [132] . This hypothesis is supported by numerous correlational studies [133], but there 11 has been limited experimental work. Dietary carotenoid supplementation of captive male 12 zebra finches confirmed that carotenoid availability can be limiting for sexual attractiveness 13 Another means by which a relationship between immunocompetence and colouration can 19 be tested is to challenge animals that display their natural colour and examine whether more 20 colourful animals are more resistant to or can more quickly clear infections. In two species of 21 birds, more colourful individuals exhibited stronger responses to disease challenges. 22
Greenfinches that displayed larger yellow patches in tail feathers were better able to resist and 23 clear infection by Sindbis virus [137] . Redder male house finches cleared mycoplasmal 24 conjunctivitis infection faster [138] . A related study showed that vivid yellow leg colour is 25 strongly correlated with the ability of American kestrels (Falco sparverius) to counter blood-26 parasite infections [139] . However, dietary carotenoid supplementation of captive male 27
American goldfinches had no effect on immune responses or disease resistance [140] . The aesthetic value of carotenoid colour to humans cannot be measured scientifically, but its 22 financial value is clear to those involved in managing animals in the pet trade, in zoos, and for 23 commercial production. Pet owners and zoo visitors want to own or see attractively coloured, 24 healthy animals. Consumers want to purchase vibrant, fresh-looking meat and eggs. 25
Carotenoid-coloured species and products have long been a part of the pet trade (e.g. 26 canaries), zoo exhibits (e.g. flamingos), and produce markets (e.g. salmon steaks, chicken 27 meat/eggs), and decades of scientific research have been put into the need to maintain bright 28 colour in these and other domesticated animals [171] [172] [173] . Just as with the wild animals 29 described above, providing a carotenoid-rich diet to captive animals and housing them under 30 sufficiently healthy conditions is necessary to achieve optimal pigmentation. 31
Managers seeking pigmentation strategies for domestic animals can learn much from 32 evolutionary ecology. First and foremost, it should be determined whether or not the focal 33 trait or tissue in the captive species is carotenoid-based; not all red, orange, and yellow colours 34 are carotenoid-based (see [102] for review). Parrots, for example, do not use carotenoids to 35 develop such colours, but instead use a novel class of pigments (psittacofulvins [174, 175] ) 36 whose production is not as sensitive to diet as are carotenoid colours. 37 'indicator species' to monitor attributes of population and environmental health via the 6 spatial and temporal variability that carotenoid colours exhibit [176, 177] . Sexually selected 7 traits generally have this utility for being sensitive to, and hence revealing, recent 8 environmental perturbations and, for example, have been used to monitor effects of the 9
Chernobyl nuclear disaster in the 1980s [178] . To date, little empirical work has been done to 10 assess the conservation value of carotenoid colours, but several related observations 11 emphasize their potential in this respect. For example, the average carotenoid colouration in a 12 population of northern cardinals was found to decrease after a harsh winter that presumably 13 killed many fruit crops [179] . Moreover, a successfully re-introduced population of the 14 endangered hihi (Notiomystis cincta) from New Zealand was found to have the highest 15 carotenoid levels among all populations studied, suggesting that carotenoids were somehow 16 more available from the environment (or less demanded by the immune system) in these birds 17
[180]. Conservation plans are far too often adopted after significant mortality events or 18 environmental changes, perhaps because of the lack of easily collectable data that may point 
